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Abstract 

NiFe 2 0 4 nanorods have been successfully synthesized via thermal treatment of the rod-like precursor fabricated by Ni-doped a-FeOOH, 
which was enwrapped by the complex of citric acid and Ni 2+ . The morphology evolution during the calcination of the precursor nanorods 
was investigated with transmission electron microscopy (TEM), and the phase and the magnetic properties of samples were analyzed through 
X-ray diffraction (XRD) and vibrating sample magnetometer (VSM). The results indicated that the diameter of the NiFe 2 0 4 nanorods ob¬ 
tained ranged between 30 and 50 nm, and the length ranged between 2 and 3 pm. As the calcination temperature was up to 600°C, the coer- 
civity, saturation magnetization, and remanent magnetization of the samples were 36.1 kA-rrf 1 , 27.2 A-nf-kg 1 , and 5.3 A-nf-kg 1 , respec¬ 
tively. The NiFe 2 0 4 nanorods prepared have higher shape anisotropy and superior magnetic properties than those with irregular shapes. 
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1. Introduction 

As an important magnetic material, ferrite has been 
widely used in a variety of technological fields like biology, 
electronics, transport, and information technology [1-4] for 
high-density data storage [5], ferrofluids making [6], mag¬ 
netic resonance imaging (as contrast agents), and magnetic 
refrigeration [7]. As against ferro-spinel magnetic material, 
one-dimensional nanostructural magnetic material is par¬ 
ticularly interesting to researchers due to its high magneto 
crystalline anisotropy, high saturation magnetization, and 
unique magnetic structure [8]. Nickel ferrite (NiFe 2 0 4 ), 
originating from magnetic moment of antiparallel spins be¬ 
tween Fe 3+ ions at tetrahedral sites and Ni 2+ ions at octahe¬ 
dral sites with an inverse spinel structure, for example, 
shows ferrimagnetism [9] with unique and amazing proper¬ 
ties compared to its bulk counterpart. Based on a bottom-up 
paradigm, magnetic material with one-dimensional nanos¬ 
tructure can be used to fabricate functional nanoscale elec¬ 
tronic, optoelectronic, photonic, chemical, and biomedical 
devices [10-12]. Many researches have been made on the 
synthesis of one-dimensional nanostructures nickel ferrite. 
The properties of synthesized magnetic material are de¬ 
pendent on its composition and microstructure; they are also 
sensitive to its preparation methods. Many methods have 
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been so far proposed for the preparation of nanocrystallite 
NiFe 2 0 4 , including sol-gel method [13], coprecipitation 
method [14], hydrothermal method [15], combustion 
method [16], mechanochemical method [17], precursor 
method [18], and microemulsion method [19], etc. Since the 
behaviors of nanophase magnetic material depend strongly 
on the shape and size of the magnetic material particles, 
control of the shape and size of the particles is the key factor 
determining their ultimate performance and applications. 

In this paper, NiFe 2 0 4 nanorods with the aspect ratio 
higher than 20 have been synthesized through thermal 
treatment of the rod-like precursor, and the magnetic proper¬ 
ties of the NiFe 2 0 4 nanoparticles prepared were investigated. 
The rod-like precursor has been obtained from Ni-doped 
a-FeOOH enwrapped by citric acid and Ni 2+ solution. The 
morphologically controlled transformation of amorphous 
precursor nanorods into crystalline nanorods is remarkably 
similar to the petrification process that happens in nature 
with a timescale of several centuries [20]. 

2. Experimental 

All the reagents were of analytical grade and were used 
as received without further purification. Nickel nitrate 
[Ni(N0 3 ) 2 -6H 2 0], ferrous chloride [Fe(Cl) 2 -4H 2 0], and so- 
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dium hydroxide [NaOH] were purchased from Shanxi 
Chemical Reagent Co. 

FeCl 2 and Ni(N0 3 ) 2 (the optimum mole ratio of 
/?(Ni 2 + ):?z(Fe 2+ ) is 1:20 [21]) were dissolved in deionized 
water. According to m(NaOH)/m(FeCl 2 ) of 1.0:3.5 (mass ra¬ 
tio), NaOH was dissolved in another deionized water to 
prepare alkali liquor. Then, the alkali liquor was poured into 
FeCl 2 and Ni(N0 3 ) 2 solution. The above mixture was stirred 
in magnetic blender at 50°C for 12 h. The product was then 
filtered and washed several times until its pH value reached 
7. The precipitate was dried in a cabinet dryer at 80°C for 12 
h to obtain Ni-doped a-FeOOH nanorods samples. 

The self-made Ni-doped a-FeOOH nanorods were 
poured into deionized water and were dispersed in ultrasonic 
wave atmosphere to obtain Ni-doped a-FeOOH suspension. 
Ni(N0 3 ) 2 weighted according to ^(Ni 2 + ):^(Fe 2+ ) of 9:20 
(mole ratio) was dissolved in another deionized water. Then, 
based on the mole ratio of citric acid:Ni 2+ of 1:1, citric acid 
was added to the Ni(N0 3 ) 2 solution, and NH 3 H 2 0 was used 
to adjust the pH value to 6 after the solution being agitated 
homogeneously. Subsequently, the solution was heated and 
agitated until its volume was approximately 10 mL to form 
sol. The suspension was dipped into the sol and was agitated 
to form gel on the surface of Ni-doped a-FeOOH. Then, the 
gel was dried in a cabinet dryer at 90°C to obtain precursor 
samples. The precursor samples were calcined for 3 h at the 
temperatures of 500, 600, and 700°C, respectively, to obtain 
NiFe 2 0 4 samples. 

The synthesized NiFe 2 0 4 samples were subsequently 
characterized by X-ray diffraction (XRD, Rigaku D/max-gB 
X-ray diffractometer with Cu K a radiation) and transmission 
electron microscope (TEM). The magnetic properties of 
NiFe 2 0 4 samples were measured using a vibrating sample 
magnetometer (VSM) at room temperature under a maxi¬ 
mum field of 800 kA-m '. 

3. Results and discussion 

Phase identification of the as-prepared sample was ex¬ 
amined by XRD. Fig. 1(a) shows the XRD pattern of the 
precursor. These peaks were indexed to the a-FeOOH phase 
according to the JCPDS (Card No. 24-1207) standard, 
showing that, in the precursor, the Ni 2+ took up the position 
of Fe 3+ in the a-FeOOH crystal lattice, rather than existing 
in the form of Ni(OH) 2 . Figs, l(b-d) show XRD patterns of 
the as-synthesized NiFe 2 0 4 nanorods obtained after anneal¬ 
ing at different temperatures (500, 600, and 700°C) for 3 h 
in air. According to Fig. 1, some a-Fe 2 0 3 appeared in the 
samples at the temperature lower than 600°C. As the calci¬ 
nation temperature was up to 600°C, all of the detectable 
peaks can be readily indexed as NiFe 2 0 4 with an inverse 


spinel structure, as shown in the standard data (JCPDS Card 
No. 10-0325), and no characteristic peaks of impurities were 
detected. As the annealing temperature increased, the reflec¬ 
tion peaks became sharper and narrower, indicating the im¬ 
provement of crystallinity. 

1: a-FeOOH 



Fig. 1. XRD patterns of Ni-doped a-FeOOH and as-prepared 
NiFe 2 0 4 samples: (a) precursor; (b) annealed at 500°C; (c) an¬ 
nealed at 600°C; (d) annealed at 700°C. 

The morphology and particle size of the as-prepared 
samples and the precursor were characterized by TEM. Fig. 
2 shows the TEM images of the precursor and NiFe 2 0 4 
samples. As Fig. 2(a) shows, a rod-like morphology with an 
average diameter of 40 nm and an average length of 3 pm 
was observed. The surface of amorphous precursor rods was 
very smooth. Figs. 2(b-d) are the TEM images of the 
NiFe 2 0 4 samples annealed at 500, 600, and 700°C, respec¬ 
tively. It can be seen from the images that the overall di¬ 
mensions of rods have not changed, with their diameter in 
the range of 30-50 nm and their length in the range of 2-3 
pm. Compared with the morphology of the precursor, the 
diameter of the rod-like NiFe 2 0 4 increased, and the length 
reduced appreciably as the temperature increased. Some ag¬ 
gregations appeared in the samples as the calcination tem¬ 
perature reached up to 700°C. 

According to Ref. [22], in the preparation of a-FeOOH 
nanorods via chemical precipitation-air oxidation method, 
Fe(OH ) 2 and Ni(OH ) 2 formed first in the lye. Ni(OH ) 2 was 
dissolvable, and the following dissolution equation existed 
in the solution: 

Ni(OH ) 2 <-» Ni 2+ + 20H“. 

As time went on, Fe(OH ) 2 was oxidized to form 
a-FeOOH in the air atmosphere. In the process, the crystal 
growth of acicular a-FeOOH was anisomerous; the growth 
rate was the fastest in the direction of the strongest bond. 
The Ni 2+ having the similar radius and Fe 3+ charge entered 
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Fig. 2. TEM photographs of Ni-doped a-FeOOH and as-prepared NiFe 2 0 4 samples: (a) precursor; (b) annealed at 500°C; (c) an¬ 
nealed at 600°C; (d) annealed at 700°C. 


the inside of the crystal and held the position of the Fe 3+ in 
the direction of the strongest bond, resulting in the decreas¬ 
ing of the energy which the crystalline growth needed to 
overcome and the increasing of the growth rate of a-FeOOH 
microlite in the direction of the strongest bond [23]. Ac¬ 
cording to Ref. [21], the diameter of the a-FeOOH nanorod 
reduced in the above process, resulting in the increase in as¬ 
pect ratio. The morphology of the precursor obtained by 
enwrapping the complex of citric acid and Ni 2+ on the sur¬ 
face of a-FeOOH nanorods was the same as that of 
a-FeOOH. The nanorods kept their original morphology 
through the whole calcination process. The microstructural 
change was initiated by coalescence of the crystalline 
nanoparticles generated by the continuous decomposition of 
precursor at relatively high temperatures within the rods. 
Therefore, the crystalline nanorods were transformed from 
the amorphous precursor nanorods without destruction of 
the original morphology. 

Magnetization measurement of the as-prepared sample 
was conducted using a vibrating sample magnetometer with 


a magnetic field up to 800 kA-m” 1 . Fig. 3 and Table 1 show 
the magnetic properties of NiFe 2 0 4 obtained under different 
conditions, and show that the samples obtained at 500, 600, 
and 700°C have clear magnetic hysteresis loops, with coer- 
civities of 29.9, 36.1, and 33.6 kA-m” 1 , respectively. There 
existed a-Fe 2 0 3 phase in the sample obtained at 500°C and 
crystal defect in the sample obtained at 700°C. Thus, the co- 
ercivities of the samples first increased and then reduced as 
the temperature increased, and the coercivity reached the 
maximum at 600°C. The saturation magnetization increased 
as the temperature increased. 

It has been reported that the particle size influences the 
magnetic properties of materials [24-25]. For monodomain 
particles, saturation magnetization decreases as the crystal¬ 
lite size decreases because of spin canting of magnetic do¬ 
main on the microcrystallite surface and thermal fluctuation. 
Taking XRD and TEM results into consideration, the au¬ 
thors suggest that good crystallinity of the sample and more 
formation of magnetic phase due to higher temperature 
aroused the significant increase in saturation magnetization. 




Fig. 3. Magnetic hysteresis loops of the as-prepared NiFe 2 0 4 samples annealed at different temperatures: (a) 500°C; (b) 600°C; (c) 
700°C. 
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Table 1. Magnetization measurement of as-prepared NiFe 2 0 4 samples 


Temperature, T / °C 

Coercivity, H c / (kA-m ! ) 

Remanent magnetization, M r / (A-m 2 -kg ’) 

Saturation magnetization, M s / (A-m 2 -kg ') 

500 

29.9 

4.5 

22.9 

600 

36.1 

5.3 

27.2 

700 

33.6 

5.7 

34.1 


It was earlier reported in Ref. [19] that the nickel ferrite 
nanoparticles, with irregular shapes and sizes from 10 to 30 
nm, exhibited lower coercivity (28.1 kA-m” 1 ) compared to 
the values (36.1 kA-m 1 ) of our samples obtained after being 
annealed at 600°C. The difference in coercivity is mainly 
caused by the differences in particle morphology [26]. As 
the presence of shape anisotropy significantly enhances the 
magnetic properties [27], a higher aspect ratio facilitates the 
increase of coercivity. 

4. Conclusion 

NiFe 2 0 4 nanorods have been successfully synthesized 
through thermal treatment of the rod-like precursor fabri¬ 
cated by Ni-doped a-FeOOH, which was enwrapped by the 
complex of citric acid and Ni 2+ . The morphology evolution 
during calcination of the precursor nanorods was investi¬ 
gated by TEM. The phase and magnetic properties of 
NiFe 2 0 4 samples were analyzed through X-ray diffraction 
(XRD) and vibrating sample magnetometer (VSM). It can 
be found that the diameters of NiFe 2 0 4 nanorods obtained 
ranged between 30 and 50 nm, and the length ranged be¬ 
tween 2 and 3 pm. As the calcination temperature increased, 
the length of rod-like NiFe 2 0 4 reduced, and the diameter in¬ 
creased appreciably. As the calcination temperature was up 
to 600°C, the coercivity, saturation magnetization, and re¬ 
manent magnetization of the sample were 36.1 kA-m” 1 , 27.2 
A-m 2 -kg _1 , and 5.3 A-m 2 -kg _1 , respectively. 
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